Using first-principles density-functional calculations, we explore the possibility of magnetic order at the rebonded D B step of the Si(001) surface. The rebonded D B step containing threefold coordinated Si atoms can be treated as a one-dimensional dangling-bond (DB) wire along the step edge. We find that Si atoms composing the step edge are displaced up and down alternatively due to Jahn-Teller-like distortion, but, if Si dimers on the terrace are passivated by H atoms, the antiferromagnetic (AFM) order can be stabilized at the step edge with a suppression of Jahn-Teller-like distortion. We also find that the energy preference of AFM order over Jahn-Teller-like distortion is enhanced in an oscillatory way as the length of DB wires decreases, showing the so-called quantum size effects.
In this paper, we explore the possibility of magnetic orders at the stepped Si(001) surface using first-principles DFT calculations. Here, we consider the double-atomic height step, i.e., the socalled rebonded D B step [see Fig. 1(a) ], which prevails on the Si(001) surface. 11 This step contains threefold coordinated Si atoms, giving rise to a 1D array of DBs along the step. Our spin-polarized DFT calculations for such a 1D DB wire show that the AFM or ferromagnetic (FM) configuration, where neighboring spins of DB electrons are coupled antiferromagnetically or ferromagnetically with each other, is energetically unfavored over the nonmagnetic (NM) configuration, where Si atoms composing the rebonded D B step are alternatively displaced up and down due to JahnTeller-like distortion. However, we find that, if Si dimers on the terrace are passivated by H atoms, DB electrons at the step become more localized to yield the preference of the AFM order with a suppression of Jahn-Teller-like distortion. In addition, we find that, as the length of DB wires decreases, the energy preference of the AF configuration over the NM one increases in an oscillatory way. Our findings demonstrate that the AFM spin ordering of DB electrons at the rebonded D B step can be stabilized by passivating the terrace with atomic H, and its strength can be manipulated with respect to the length of DB wires. 
II. CALCULATION METHOD
The total-energy and force calculations were performed by using nonspin-polarized and spinpolarized DFT 12, 13 within the generalized-gradient approximation. 14 The Si and H atoms were described by norm-conserving pseudopotentials. 15 To simulate the rebonded D B step, we used a triclinic supercell with the lattice vectors of a = ( 
III. RESULTS
We begin to optimize the atomic structure of the rebonded D B step of the Si(001) surface. Each S atom at the D B step has one unpaired electron, forming a 1D array of DBs along the step edge. This kind of DB wire is similar to the case fabricated by the selective removal of H atoms from an H-passivated Si(001) surface along one side of an Si dimer row. 20, 21 For the latter DB wires of finite lengths, recent DFT calculations 17, 23 predicted that the AFM configuration is energetically favored over the NM one and the energy difference between the two configurations varies with respect to the wire length. 24 In order to examine the possibility of magnetic orders at the D B step, we determine the atomic structure of the D B step within the AFM configuration. The optimized structure of the AFM configuration is shown in Fig. 1(b) . Unlike the NM configuration showing a Jahn-Teller-like distortion, the AFM configuration is found to suppress the up and down displacements of S atoms, indicating the absence of spin-Peierls instability. We find that the NM configuration is more stable than the AFM configuration by 28 meV/DB. This result is different from our previous 22 result for the DB wire formed on the H-passivated Si (001) Recently, several theoretical studies predicted surface magnetism induced by the adsorption of hydrogen atoms on surfaces. 22, 25, 26 Amanna et al. 25 reported an H-induced magnetic order on the Pd(110) surface. Okada et al. 26 predicted a ferrimagnetic spin ordering in various DB networks created on an H-passivated Si(111) surface. Similarly, Lee et al. 22 predicted an AFM spin ordering in DB wires fabricated on an H-passivated Si(001) surface. On the basis of these previous studies, we speculate that the delocalization of DB electrons at the D B step could be prevented by passivating the terrace with atomic H [see Fig. 1 (c) and 1(d)], thereby giving rise to the stabilization of magnetic order: that is, the H-passivation of terrace gives a confinement of DB electrons at the step edge, producing magnetic order due to an enhanced electron-electron interaction. The fabrication of such a DB wire can be realized by passivating a stepped Si(001) surface with atomic H and then removing H atoms along the step edge via the scanning tunneling microscope nanolithography technique. [27] [28] [29] This technique has been utilized to fabricate the DB wires on the H-passivated Si(001) surface. 20, 21 We optimize the atomic structure of an infinitely long DB wire (designated as DB-∞) formed on the D B step within the NM, FM, and AFM configurations. We find that the NM configuration shows alternating up and down displacements of S atoms with a height difference of 0.77Å, whereas the FM and AFM configurations have a nearly unbuckled structure. The AFM configuration is found to be more stable than the NM (FM) configuration by 14 (48) meV/DB. Here, the total spin of the AFM configuration is zero, while that of the FM configuration is 1 µ B /DB. It was reported that in the DB wire fabricated on an H-passivated Si(001) surface, electronelectron correlations are competing with electron-lattice couplings due to Peierls instability or Jahn-Teller effect. 17, 22, 23 To find the on-site electron-electron interactions in the DB wire [ Fig.   1(d) ] formed on the D B step, we evaluate the Hubbard correlation energy U by using the constrained DFT calculations. 30 Here, we simulate the transfer of one spin-down electron from the SS state [in Fig. 2(d) ] to the lowest unoccupied state and calculate the change in the total energy.
We obtain U = 1.71 eV, which is much larger than the electron hopping parameter t = 0.23 eV (estimated from the bandwidth of the SS state). The resulting large ratio of U /t = 7.43 for an infinitely long DB wire indicates the importance of electron correlations, giving rise to the preference of an AFM spin ordering over a Peierls-like distortion. From the energy difference between the FM and AFM configurations, the exchange coupling constant J between adjacent spins can be estimated as 48 meV. Note that S atoms with highly localized DB electrons are covalently bonded to the subsurface Si atoms which have a negligible spin polarization. Thus, it is most likely that an individual DB is fully spin-polarized by an intra-atomic exchange, and such magnetic moments of S atoms are antiferromangnetically coupled with each other via the superexchange mechanism, similar to the case of the DB wires formed on the H-passivated Si(001) surface. 17, 22, 23 In order to see how the magnetic stability of the DB wires varies with respect to the wire length, we determine the atomic structures of finitely long DB wires within the NM, FM, and AFM configurations. Here, we consider finitely long DB wires containing up to six DBs (designated as DB-2, DB-3, DB-4, DB-5, and DB-6, respectively). The calculated total energies of the NM and FM configurations relative to the AFM configuration as a function of the wire length are plotted in Fig. 3 . We find that the AFM configuration is more stable than the NM configuration by ∆E NM−AFM = 89, 108, 68, 81, and 51 meV for DB-2, DB-3, DB-4, DB-5, and DB-6, respectively.
Thus, the energy preference of AFM ordering over Jahn-Teller-like distortion tends to increase as the wire length decreases (see Fig. 3 ). This may be ascribed to the fact that the two ends in shorter DB wires give rise to a relatively larger elastic-energy cost for the alternating up and down displacements in the NM configuratin. It is noteworthy that ∆E NM−AFM for DB3 (DB5) is larger than those of DB2 and DB4 (DB4 and DB6). Such an even-odd oscillatory behavior correlates with the variation of DB states with respect to the wire length, as discussed below. respectively. It is seen that the subbands due to DB electrons exist near E F . We find that, as the wire length increases, the subbands are lower in energy and their spacings decrease, showing the evolution of quantum well states. For DB-3 and DB-5, the NM configuration has a half-filled subband, while the AFM configuration has a band-gap opening of 0.89 and 0.82 eV, respectively (see Table I ). On the other hand, for the even-numbered DB wires of DB-2, DB-4, and DB-6, the NM configuration has a band gap of 0.43, 0.23, and 0.24 eV, respectively, which are smaller than the corresponding ones (0.94, 0.87, and 0.80 eV) of the AFM configuration. These different features of subbands between odd-and even-numbered DB wires represent the so-called quantumsize effects, accounting for the above-mentioned oscillatory behavior of ∆E NM−AF with respect to the wire length (see Fig. 3 ). The calculated band gaps for finitely long DB wires also manifest that the electronic energy gain by the AFM spin polarization is larger than that by the Jahn-Teller-like lattice distortion.
IV. SUMMARY
Our spin-polarized DFT calculations predicted that the rebonded D B step of the Si(001) surface can stabilize an AFM order by passivating the terrace with H atoms. We found that the H-passivation of terrace enhances the localization of DB electrons at the step edge, leading to an AFM coupling between adjacent spins of DB electrons. We also found that finitely long DB wires exhibit the evolution of quantum-well states as a function of the wire length, giving rise to the even-odd oscillatory behaviors in their band structures and energetics. The H-induced magnetism predicted here in the Si DB wires may offer a unique way to device the spintronics on semiconductor substrates. Finally, we anticipate that scanning tunneling microscopy can identify indirectly the predicted AFM order by measuring the height profile along the DB wire, because the AFM configuration involves no buckling of the Si atoms composing the DB wire. 
